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1. Introduction 
In hemoglobin the apoprotein conformation inter- 
acts reversibly with the heme and affects the ligand 
binding behavior [ 11. The conformational changes 
produced in the protein matrix by ligand binding 
have been characterized in the crystal [2]. Aromatic 
amino acid residues, particularly tryptophan, are 
intrinsic protein fluorophores which are often very 
sensitive to their local environment [3]. Human 
hemoglobin contains several tryptophan residues 
which may potentially serve as intrinsic probes even 
though their fluorescence yields are extremely poor 
[4]. Recently the emission spectra and relative quan- 
tum yields of tryptophan in hemoglobin and its iso- 
lated subunits were determined [S]. These investiga- 
tions, however, did not extend to a study of the 
coupling interaction between the heme and the pro- 
tein matrix. 
This note reports the utilization of intrinsic tryp- 
tophan fluorescence to study the dynamics of the 
apoprotein moiety upon oxygen or carbon monoxide 
binding. The results demonstrate that binding of 
ligands to deoxyhemoglobin affects the transfer of 
excitation energy from the aromatic amino acid resi- 
dues to the heme moieties. The results also suggest 
a statistical fluctuation in the coupling between the 
fluorophors (tryptophan residues) and their quench- 
ers (heme residues). 
2. Materials and methods 
Hemoglobin A was extracted from fresh human 
adult blood by standard procedures [6]. The solution 
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was purified and desalted through a mixed-bed ion 
exchange resin (AG 501-X8, Bio-Rad) [7]. For all 
experiments, 0.1 M phosphate buffers with a mini- 
mum fluorescence background were prepared from 
water purified by a millipore filtration system. Equili- 
bration with gasses (Na, 02, CO) and spectrophoto- 
metric measurements were done at 25°C. The absence 
of methemoglobin in the sample was verified by the 
constancy of the absorbance over pH 6-8.5. The 
effects of ligand binding upon tryptophan emission 
were measured under 1 atm. gas. Fluorescence 
measurements were performed with Suprasil cuvettes, 
scrupulously cleaned, of 1 cm pathlength sealed to 
tonometers. Emission spectra were obtained upon 
excitation at 280 nm; all spectra were obtained with 
2 nm excitation and emission bandwidths. The 
exciting light was the synchrotron radiation from 
the electron storage ring, AC0 (Anneau de Collisions 
D’Orsay) [8]. Emission spectra were obtained on a 
photon counting spectrofluorometer interfaced to 
a Nuclear Data 660 acquisition system which is built 
around an LSIl 1 microcomputer [9] (fig.1). For 
lifetime measurements the same apparatus was used 
except that the Nuclear Data 660 was operated in the 
pulse height analysis mode. The most important 
advantages of the synchrotron radiation over con- 
ventional pulsed sources for lifetime determinations 
are the temporal pattern of the pulse (narrow, 
-1.2 ns and gaussian shape), the invariance of pulse 
shape with wavelength and the high repetition rate, 
-13.6 MHz. The high repetition rate allows for good 
counting statistics even for the weak emissions 
observed in the present study. Asso values were 
maintained at 0.05 to minimize inner filter effects 
and trivial absorption of the fluorescence by heme 
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Fig.1. Scheme of the spectrofluorometer coupled to the synchrotron radiation from ACO. 
moieties. The buffer background consisting of the 
water Raman peak, contaminant fluorescence and 
dark counts were subtracted from all fluorescence 
measurements. The relative constancy of the AC0 
pulse shape and amplitude with time greatly facili- 
tates the subtraction of background counts in the 
lifetime measurements. 
3. Results and discussion 
The emission spectra obtained at pH 7, shown in 
fig.2, demonstrate hat the emission maxima re the 
same and the halfwidths approximately constant for 
the 3 forms studied: deoxyhemoglobin, HbOZ and 
HbCO, Note that the apohemo~obin emission spec- 
trum (excited at 280 nm) is also very similar to these 
spectra [IO]. The spectral shape and bandwidths were 
invariant over pH 6-8.5. 
The results indicate that the t~ptoph~ residues in 
deoxyhem~ob~ and its various liganded forms (and 
also in apohemoglobin) are exposed to the same kind 
of relatively non-polar or non-relaxing microenviron- 
ment [ 1 I]. Differences in the emission maxima wh_ich 
could be correlated to confo~ation~ changes were 
not observed. 
The quantum yields obtained for HbCO were 
systematic~ly ower (3%) than those for HbOz. 
This difference, outside the limit of error (1%) may 
be due to a perturbation of Forster-type nergy trans- 
fer [ 121 from tryptophan to heme. Modification of 
the tryptophan-heme orientation is a probable xpla- 
nation. The fluorescence polarization spectra of 
HbCO and deoxyhemoglobin are the same as that 
found for HbOZ 151. The large polarization upon 
excitation at 300 nm observed for ail these proteins, 
compared to the intrinsic limiting polarization for 
tryptophan, indicates that the tryptophans do not 
move appreciably during the lifetime of the excited 
state. 
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Fig.2. Corrected emission spectra of human hemoglobin, obtained at 25°C with 280 nm excitation wavelength. The A,,, values of 
the 3 hemogiobin forms were -0.05. The 0.1 M phosphate buffer was at pH 7. Quantum efficiencies relative to tryptophan at 
25°C were: 1.20% (Hb); 1.35% (HbO,); 1 .O% (HbCO); error limit, 10%. 
No differences were apparent in the decay times 
of the tryptophan .emission from deoxyhemo~obin 
and HbCO. There was, however, a small but signifi- 
cant decrease in the quantum yield when deoxy- 
hemoglobin became liganded with CO. This observa- 
tion suggests hat the quenching may be related to 
some form of a ‘static’ complex [13] between tryp- 
tophan and heme. We should note here, though, that 
little work has been done to date on the effects of 
heterotransfer upon fluorescence lifetimes and that 
the exact relationship between the intensity decrease 
and lifetime decrease in such a complex system is 
not clearly understood. The observed hemoglobin 
fluorescence decay curves are multiexponential (fig.3) 
and a complete analysis in terms of component life- 
times and amplitudes does not seem feasible at this 
time. A major component would seem to be -1.5 ns, 
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however, a value anomalously ong compared to the 
poor quantum yield; anom~ou~y long lifetimes for 
various hemoglobins have been reported [141, The dif- 
ferent emitting species probably reflect the effects of 
collective movements (fluctuations in the trypto- 
phan-heme orientation) ]14- 161 within the macro- 
molecule. The energy transfer coupling between 
tryptophan and heme is evidently not permanent 
and the oscillation times of tryptophan residues may 
be slow compared to the lifetime of the excited state. 
The relaxation processes for excited tryptophan 
follow complicated kinetics and the emitted light 
probably originates tatistically from a small fraction 
of the total excited tryptophan population. The 
observations on the lifetimes and the quantum yields 
suggest that specific quenching processes for each 
iron ligand do not exist but that the oscillation time 
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Fig.3. Fluorescence decay for human hemoglobin, obtained at 25°C with 280 nm excitation wavelength; emission observed at 
340 nm; all slits were 4 nm. (a) (e l ) HbCO; (o o) Hb, in 0.1 M phosphate buffer at pH 7; (b) (X X) AC0 pulse. 
of the tryptophan-heme couple depends upon the 
ligand. 
Simple consideration of the distance between the 
center of the heme (Fe) and tryptophan AI2 (in LY or 
/3 chains) and Cs (in fl chain) based on the data in [2] 
would suggest hat tryptophan Ca, at 5 A from the 
heme, would be totally quenched. It may be, how- 
ever, that, as regards tryptophan Cs, an equilibrium 
exists between hemoglobin conformations permitting 
transfer and those restricting transfer. Relative orien- 
tations and motions of groups involved in energy 
transfer mechanisms may dramatically affect the 
transfer efficiency and we may expect that the 
observed, i.e., unquenched emission, may reveal 
subtle changes in the globin structure on dynamics. 
Further work, particularly on time-dependent polari- 
zation and time-resolved emission and excitation 
spectra could serve to establish a dynamics picture 
of these hemoproteins. 
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